Influence of thermal phenomena on dc characteristics of the IGBT by Górecki, Krzysztof & Górecki, Paweł
INTL JOURNAL OF ELECTRONICS AND TELECOMMUNICATIONS, 2018, VOL. 64,  NO. 1, PP. 71-76 
Manuscript received September 14, 2017; revised January, 2018.                                    DOI: 10.24425/118149 
 
Abstract—The paper concerns the study of the effect of thermal 
phenomena on characteristics of the IGBT. The used measurement 
set-ups and the results of measurements of dc characteristics of the 
selected transistor obtained under different cooling conditions are 
presented. The influence of the ambient temperature and the 
applied cooling system on the shape of these characteristics is 
discussed. In particular, attention has been paid to the untypical 
shape of non-isothermal characteristics of this element in the sub-
threshold range. 
 
Keywords—IGBT, thermal phenomena, measurements, dc 
characteristics, sub-threshold region  
I. INTRODUCTION 
OWER semiconductor devices are commonly used in switch-
mode power supplies circuits and analogue electronic 
circuits operating in the continuous mode [1, 2, 3]. Within the 
range of high values of voltages and currents, IGBTs (Insulated 
Gate Bipolar Transistors) are frequently used [2, 4].  
As it is well known, temperature significantly influences 
properties of semiconductor materials and components [5, 6, 7, 
8]. In particular, an increase in the ambient temperature causes 
quantitative changes in the static characteristics of 
semiconductor devices [9, 10, 11]. However, the internal 
temperature of the device is crucial in describing properties of 
these elements, which is the sum of the ambient temperature and 
an increase of this temperature caused by thermal phenomena. 
The most important of these phenomena is self-heating. It shows 
itself as an increase in the interior temperature of the element 
due to a change of heat generated in it at not ideal dissipating of 
this heat into the surroundings. Self-heating can cause a 
significant change in the shape of characteristics of the 
considered elements [6, 7, 8].  
The characteristics of semiconductor devices presented by 
manufacturers in the catalogue data are measured without 
thermal phenomena taken into account. These characteristics 
are further called isothermal characteristics. Such characteristics 
could be calculated using e.g. model proposed by the 
manufacturer [12]. 
Non-isothermal characteristics, which take into account the 
self-heating phenomenon, may significantly differ from 
isothermal characteristics in both quantitative and qualitative 
terms. For example, in non-isothermal characteristics of such 
semiconductor devices: as diodes, bipolar transistors and  
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MOSFET transistors there may occur an electrothermal 
breakdown point in which the sign of the dynamic output 
resistance of the device changes. Such characteristics are 
shown, among others, in the papers [6, 7, 8, 13, 14].  
A change of the shape of characteristics of a semiconductor 
device due to the self-heating phenomena is essential, because 
their result, among others, in limiting the possible coordinates 
of the operating points of the device [15]. It is also possible to 
damage a semiconductor device as a result of the self-heating 
phenomena, despite polarising the device in the manner 
recommended by the manufacturer and even when selecting the 
operating point lying inside the SOA (Safe Operating Area). 
Therefore, it is important to know the course of non-isothermal 
characteristics of semiconductor devices, particularly IGBTs.  
Over the period of the last thirty years different structures of 
IGBTs have been elaborated. There are: non-punch-through 
(NPT), punch-through (PT), field-stop (FS) [16, 17] IGBTs and 
new generations of this device – the third generation (IGBT3) 
[18, 19] and the fourth generation (IGBT4) [20]. 
The aim of this paper is to show the influence of the ambient 
temperature, self-heating phenomena and cooling conditions of 
the selected IGBT on its dc characteristics. The output and 
transfer characteristics of this transistor measured at different 
values of the ambient temperature for different cooling and 
control conditions are presented and discussed.  
In Section 2 the used measurement set-ups are shown. In 
Section 3 the results of measurements of isothermal 
characteristics of the tested transistor are shown, and in Section 
4 the results of measurements of non-isothermal characteristics 
are shown.  
II. MEASUREMENT SET-UPS 
To investigate the influence of thermal phenomena on dc 
characteristics of the IGBT transistor it was necessary to 
measure two types of characteristics: isothermal and non-
isothermal. The IGBT manufactured by International Rectifier 
of the type IRG4PC40UD was selected for the investigation. 
This transistor belongs to fourth generation of IGBTs [20] and 
it is characterized by the admissible value of the reverse voltage 
VCEmax = 600 V, with the admissible value of the collector 
current ICmax = 20 A and with the admissible value of the 
dissipated power Ptot = 65 W [20, 21].  
In Fig. 1 the set-up to measure isothermal characteristics of 
the IGBT is shown.  
Isothermal characteristics of the investigated transistor were 
measured using the source-meter Keithley 2612a. The 
considered transistor was placed in the 65 l thermal test chamber 
Wamed KBC-65G. The considered source-meter enables output 
voltages not exceeding 200 V and output currents attains up to 
10 A [22]. These characteristics were measured by the pulse 
method at four ambient temperature values. Measurement 
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pulses have a 50 ms period and the duty factor equal to 1%. Such 
measurement conditions provide a negligibly small difference 
between the internal temperature of the transistor and the 
ambient temperature. In order to limit the adverse effect of the 
power supply cables on the measurement error, a four-wire 
system was used to supply the output circuit of the tested 
transistor. The used thermal test chamber allows regulating the 
ambient temperature from room temperature to 250 °C with 
accuracy ±1 °C.  
 
VIC
VG
KBC-65G
Keithley 2612a
VVCDUT
 
Fig. 1. Set-up for measuring isothermal characteristics of the IGBT 
In Fig. 2 the set-up to measure non-isothermal characteristics 
of the IGBT is shown.  
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Fig. 2. Set-up to measure non-isothermal characteristics of the IGBT 
In the measuring set-up the point-to-point measurement 
method was applied. The voltage source VCC feeds the collector 
of the investigated transistor, and the voltage source VGG feeds 
the gate of the transistor. The RC resistor limits the collector 
current. The RE resistor facilities stabilization of the transistor 
operating point. The RG resistor protects the gate of the 
transistor while switching-on the system. The UNI-T UT804 
multimeters, the Array 3645A power supply with the maximum 
output power equal to 100 W and the NDN DF1760SL10A 
power supply with the maximum output power of 600 W are 
used in the measurement set-up.  
The case temperature of the transistor is measured using the 
infrared pyrometer Optex PT-3S [23]. During the measurement, 
the indication of individual measuring instruments in the steady 
state was recorded. This state was found when within a minute 
the indication of the measuring instruments did not change more 
than the resolution of these instruments. In the case of a 
transistor operating without any heat-sink, this time was about 
20 minutes, and for the transistor placed on the heat-sink - up to 
45 minutes.  
III. RESULTS OF ISOTHERMAL MEASUREMENTS 
In order to investigate the influence of temperature on 
properties of the considered transistor, its isothermal dc 
characteristics were measured for the selected values of the 
ambient temperature. The selected results of these 
measurements are shown in Figs. 3-5. In all figures in this 
section, the blue colour indicates the results of measurements at 
the ambient temperature equal to 22oC, green - 42oC, orange - 
82oC, and red - 109oC.  
Fig. 3 shows isothermal transfer characteristics of the 
investigated transistor measured at the voltage VCE = 5 V.  
 
Fig. 3. Measured transfer characteristics of the investigated transistor at  
VCE = 5 V 
The significant influence of temperature on the course of the 
considered characteristics, including the threshold voltage can 
be observed. In the investigated range of temperature, the 
threshold voltage varied from 5.15 V at the highest ambient 
temperature to 5.88 V at room temperature. The temperature 
coefficient of the threshold voltage is high and it is equal to 
about -9 mV/K.  
Fig. 4 shows the output characteristics of the investigated 
transistor at VGE = 5.8 V (less than Vth at room temperature).  
  
Fig. 4. Measured output characteristics of the investigated transistor at  
VCE = 5.8 V 
In these characteristics, the influence of the ambient 
temperature on the value of the collector current in the active 
range is particularly visible. As temperature increases, the 
current rises even 17 times. The nature of the IC (T) dependence 
in the active range is nearly exponential. The slope of the output 
characteristics in this range increase by nearly two orders of 
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magnitude with an increase in the ambient temperature from 186 
S at Ta = 22oC to 8.7 mS at Ta = 109oC.  
Fig. 5 shows isothermal output characteristics of the 
investigated transistor at the high value of the control signal - at 
VGE = 10 V.  
 
Fig. 5. Measured output characteristics of the investigated transistor under 
test at VGE = 10 V  
As temperature increases within the investigated range, in the 
linear range of the output characteristics, differential output 
resistance of the transistor increases by 11%. This is a result of 
the temperature influence on modulation of the base resistance 
of the bipolar transistor [24].  
Due to strong nonlinearity of characteristics, especially at 
lower temperatures, it is impossible to calculate one value of the 
output resistance of the tested transistor. In the range of currents 
from 2.5 A to 9 A, it decreases from 489 m to 177 m.  
The presented in Figs. 3-5 isothermal characteristics of the 
investigated transistor illustrate the influence of temperature and 
control voltage on the output and transfer characteristics. It is 
visible that this influence is both quantitative and qualitative - 
an increase in temperature at the constant voltage VGE can result 
in up to a 17 times increase in IC current and also a change in 
the slope of the output characteristics by up to two orders of 
magnitude.  
IV. RESULTS OF NON-ISOTHERMAL MEASUREMENTS 
Using the measuring system shown in Section 2, non-
isothermal characteristics of the investigated transistor at room 
temperature were measured. In all of the figures shown in this 
Section the blue colour indicates characteristics of the transistor 
placed on the heat-sink and the red colour – characteristics of 
the transistor operating without any heat-sink. In addition, the 
black dashed line indicates the results of isothermal 
measurements. The measured values of thermal resistance of 
considered transistor situated on the heat-sink is equal to 5 K/W, 
whereas for the transistor operating without any heat-sink the 
thermal resistance is equal to 25 K/W. 
Fig. 6 shows the measured transfer characteristics of the 
investigated transistor at the voltage VCE = 5 V, and in Fig. 7, 
the dependence of TC temperature on the VGE voltage, 
corresponding to the characteristics presented in Fig. 6, is 
shown.  
In the characteristics shown in Figs 6 and 7, the strong 
influence of self-heating on their shapes is visible. It shows an 
increase in the discrepancy between the course of non-
isothermal and isothermal characteristics with an increase in the 
output power in the device. It is significant that this discrepancy 
increases with an increase in thermal resistance, i.e. with 
deterioration of the cooling conditions of the transistor. A 
change in the slope of the characteristic or transconductance of 
the tested transistor is also visible. For example, for the collector 
current IC equal approximately to 700 mA, in the isothermal 
characteristic transconductance is equal to 2.73 S, for the 
transistor operating without any heat-sink transconductance is 
equal to -2.5 S and 6.13 S for a transistor operating on the heat-
sink. This means that the IC(VGE) dependence for a transistor 
without any heat-sink is not a function in the mathematical 
sense. Due to the higher value of thermal resistance of the 
transistor operating without any heat-sink, less power can be 
dissipated in this device, without exceeding the permissible 
internal temperature, which is equal to 140 °C. In the case of the 
constant voltage VCE for both the cooling conditions of the 
device, it results in a reduction in the maximum permissible 
collector current.  
 
Fig. 6. Measured transfer characteristics of the investigated transistor at  
VCE = 5 V 
 
Fig. 7. Measured dependence of the transistor case temperature TC on the 
VGE voltage at VCE = 5 V 
Fig. 8 shows the measured output characteristics of the 
investigated transistor at VGE = 10 V, and in Fig. 9, the 
dependence of TC temperature on the VGE voltage, 
corresponding to the characteristics presented in Fig. 8, is 
shown.  
In the characteristics shown in Figs. 8 and 9 the influence of 
self-heating is less visible than in the case of transfer 
characteristics. It is worth noting that the slope of the 
0
1
2
3
4
5
6
7
8
9
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
VCE [V]
I C
 [
A
]
VGE = 10 V
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
4 4.5 5 5.5 6 6.5 7
VGE [V]
I C
 [
A
]
VCE = 5 V
0
20
40
60
80
100
120
4 4.5 5 5.5 6 6.5 7
VGE [V]
T
C
 [
o
C
]
VCE = 5 V
74 P. GÓRECKI, K. GÓRECKI 
 
characteristic, corresponding to the output conductance of the 
transistor, decreases when the cooling conditions improve. For 
IC = 3A it is equal to 12.06 S under the isothermal conditions, 
12.39 S for the transistor operating on the heat-sink and 13.16 S 
for the transistor operating without any heat-sink. In the range 
from 2.5 A to 9 A, conductivity of the transistor in the on-state 
increases with the power dissipated in the transistor from 2.07 S 
to 5.5 S. The obtained results are almost identical as the results 
obtained in the isothermal conditions. Improvement of the 
cooling conditions significantly affects the shape of the TC(VCE) 
characteristics - with their improvement the slope of the 
characteristics under consideration decreases.  
 
Fig. 8. Measured output characteristics of the investigated transistor at  
VGE = 10 V 
 
Fig. 9. Measured dependence of the transistor case temperature TC on the 
VCE voltage at VGE = 10 V 
Fig. 10 shows the measured output characteristics of the 
investigated transistor at VGE = 5.6 V, and in Fig. 11, the 
dependence of TC temperature on the VGE voltage, 
corresponding to the characteristics presented in Fig. 10, is 
shown.  
The shape of the output characteristics obtained under the 
isothermal and non-isothermal conditions differs significantly, 
because in the considered non-isothermal characteristics under 
both the considered cooling conditions, the phenomenon of 
electrothermal breakdown is visible. This is demonstrated by a 
change of the sign of the slope of the output characteristic of the 
transistor. The point at which this sign change occurs is called 
the electrothermal breakdown point [7]. The position of this 
point strongly depends on the cooling conditions of the 
transistor. For transistors placed on the heat-sink, it occurs at 
VCE = 48 V, and in the case of a transistor without any heat-sink 
- for VCE = 8.5 V. The slope of the characteristics in the 
electrothermal breakdown region decreases when the cooling 
conditions worsen. It is also noticeable that the value of the 
current flowing through the investigated device at the constant 
value of VCE increase when the cooling conditions worse. In the 
case of isothermal measurements, the IC current does not exceed 
39 mA in the investigated range, and in non-isothermal 
characteristics, the IC current of the investigated transistor 
exceeds even 1.6 A.  
 
Fig. 10. Measured output characteristics of the investigated transistor at  
VGE = 5.6 V 
 
Fig. 11. Measured dependence of the transistor case temperature TC on the 
VCE voltage at VGE = 5.6 V 
Fig. 12 shows the influence of the control voltage on the 
output characteristics of the transistor placed on the heat-sink. 
The tests were carried out at three VGE values of 5.6 V (blue 
colour), 5.8 V (green colour), 6 V (orange colour) and 10 V (red 
colour). In this figure solid lines denote non-isothermal 
characteristics, whereas dashed lines – isothermal 
characteristics. 
It is visible that the electrothermal breakdown point moves to 
the left as the VGE voltage raises. Due to the fact that the 
permissible power dissipated in the device is approximately 
constant, the IC current at the electrothermal breakdown point 
increases with an increase of the VGE voltage. The obtained 
shape of IC(VCE) characteristics means that at the constant VGE 
voltage and the fixed cooling conditions, it is not possible to 
stabilise the VCE voltage higher than the electrothermal 
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breakdown point. The case temperature at the electrothermal 
breakdown point is in the range for 48.5 °C to 65.6 °C. Of 
course, on the isothermal characteristics the electrothermal 
breakdown is not observed and in the active range the transistor 
output resistance of these characteristics is much higher than for 
non-isothermal characteristics. As a result of self-heating the 
collector current increases. For the fixed value of VCE voltage 
observed differences between collector current obtained on 
isothermal and non-isothermal characteristics increases with an 
increase of VGE voltage. 
 
Fig. 12. Measured output characteristics of the investigated transistor placed 
on the heat-sink at four VGE voltage values 
Fig. 13 shows the results of non-isothermal measurements of 
the output characteristics of the investigated transistor placed on 
the heat-sink at four VGE voltage values equal to 5.1 V (purple 
colour), 5.2 V (blue colour), 5.3 V (green colour) 5.4 V (red 
colour), respectively, on the border of the cut-off and sub-
threshold ranges.  
 
Fig. 13. Measured output characteristics of the investigated transistor placed 
on the heat-sink at four VGE voltage values 
In the investigated range of VCE voltages the electrothermal 
breakdown was not observed, but it can be assumed that the 
breakdown also occurs is in the case of the VGE = 5.4 V curve 
outside the investigated range of the VCE voltages. Also, in the 
case of the transistor operating under these control conditions, 
in the active range, the highest slope of the characteristic of 
more than 78 S occurs, which is caused by self-heating 
phenomena. For comparison, at VGE = 5.1 V the characteristic 
has the slope of just 1.4 S. In the discussed characteristics, the 
rise of the device case temperature above the ambient 
temperature does not exceed 10 K.  
Fig. 14 shows the results of the measured reverse output 
characteristics of the transistor under test at VGE = 0 V, and in 
Fig. 15, the dependence of TC temperature on the VGE voltage, 
corresponding to the characteristics presented in Fig. 14, is 
shown.  
In the current-voltage characteristics shown in Fig. 14 one can 
see very large discrepancy (up to 80%) between the voltages 
measured isothermally and non-isothermally on the investigated 
diode. Also improving the cooling conditions of the device 
significantly affects the course of the characteristics. With the 
improvement of these conditions, with the large collector 
current, the voltage on the forward biased diode, which is inside 
the structure of the transistor, increases, and the slope of the 
TC(VCE) characteristic decreases.  
 
Fig 14. Measured invert output characteristics of the investigated transistor 
at VGE = 0 V 
 
Fig. 15. Measured dependence of the transistor case temperature TC on the 
VCE voltage at VGE = 0V 
V. CONCLUSIONS 
In the paper, the influence of the ambient temperature, self-
heating and cooling conditions on isothermal and non-
isothermal characteristics of the IGBT transistor is presented. 
The investigations were carried out in a wide range of VGE and 
VCE voltages for the IRG4PC40UD transistor by International 
Rectifier with special focus on operation in the sub-threshold 
region. It is shown that under the isothermal conditions a change 
in the ambient temperature can result in a change up to several 
times in the collector current.  
The obtained results of non-isothermal measurements are 
compared with the isothermal characteristics measured at room 
temperature. At the high values of the control voltage the 
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influence of thermal phenomena on characteristics of the IGBT 
could be omitted. In turn, results of isothermal and non-
isothermal; measurements are significantly different from each 
other, especially in the sub-threshold region, where self-heating 
is very important. This results, among others, occurrence of the 
electrothermal breakdown point. This phenomenon causes the 
change of the sign of the slope of the output characteristics and 
they also cause a rise even up to 20 times of the collector current 
value in the investigated range in comparison with isothermal 
measurements.  
The electrothermal breakdown point is significantly affected 
by the cooling conditions of the transistor. Improving these 
conditions moves the electrothermal breakdown point towards 
higher VCE voltages. It could be important in application circuits 
with the IGBT and operating in a continuous mode. It is also 
worth to notice that the value of the IGBT internal temperature 
increases as a result of self-heating phenomena and this increase 
could in decide manner limit the SOA of this device and its 
lifetime [25]. Therefore, very important is proper cooling 
system of the IGBT, which can limit the increase of device 
internal temperature.  
These investigation results can be useful for designers of 
electronic circuits with IGBTs. They indicate that for certain 
cooling conditions of this transistor some operating point 
coordinates are not possible to obtain as a result of self-heating 
phenomena. In order to help the designers in taking into account 
thermal phenomena, the electrothermal model of considered 
transistor should be formulated. This task will be realized 
shortly by the authors.  
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